Summary Both cell adhesion and cell signalling events are mediated by components of the cadherin-catenin complex. Loss of expression of the components of this complex have been shown to correlate with invasive behaviour in many tumour types although their exact role in colorectal cancer remains unclear. Immunohistochemical analysis of the expression of components of the cadherin-catenin complex in colorectal cancers from 60 patients was undertaken. Loss of memberanous expression of E-cadherin, α-catenin and β-catenin was demonstrated in 52%, 85% and 40% of tumours respectively. Focal nuclear expression of β-catenin (< 75% of cells per section), usually associated with cytoplasmic expression, was clearly demonstrated in 19 (32%) tumours while widespread nuclear expression (> 75% of tumour cells per section) was seen in 11 (18%) tumours. Loss of membranous α-catenin expression significantly correlated with tumour dedifferentiation (P = 0.009). There was a trend towards an association between advanced tumour stage and loss of membranous expression of α-catenin or β-catenin, although these associations were not statistically significant. Univariate analysis revealed that advanced Dukes' stage, tumour de-differentiation, loss of membranous β-catenin expression, cytoplasmic β-catenin expression and widespread nuclear expression of β-catenin all correlated with short survival following apparently curative resection of the primary tumour. However, only Dukes' stage (P = 0.002), tumour grade (P = 0.02) and widespread nuclear expression of β-catenin (P = 0.002) were independent predictors of short survival. Disturbed growth signalling events in colorectal tumours are thought to result in nuclear accumulation of β-catenin. Consequently, tumours with widespread nuclear expression of β-catenin are likely to have severely abnormal growth characteristics, and which therefore might be predictive of short survival in these patients.
The cadherin-catenin cell adhesion complex mediates homotypic cell-cell adhesion and is known to play a fundamental role in embryonic development, morphogenesis and maintenance of the epithelial phenotype (Takeichi, 1995) . Fluctuations in cell-cell adhesion are thought to be key events in the progression from localized malignancy to metastatic disease and several in-vitro studies have confirmed that E-cadherin acts as a tumour suppressor protein (Vleminckx et al, 1991; Kinsella et al, 1994) . Reduced E-cadherin expression has been reported in a variety of human tumours and in many cases these changes correlate with advanced disease . However, the evidence in relation to colorectal cancer is less convincing. Some colorectal tumours expressing E-cadherin metastasize and some liver metastases strongly express E-cadherin (Kinsella et al, 1993; Gagliardi et al, 1995) . In tumours with normal expression of E-cadherin, perturbations of the cadherin cell adhesion system may be due to abnormal expression or function of the associated catenins (Takeichi, 1993) .
Functional cadherin-dependent cell adhesion requires the formation of complexes between E-cadherin and the cytosolic proteins α-catenin, β-catenin and plakoglobin (γ-catenin) (Ozawa and Kemler, 1992) . β-Catenin and plakoglobin share amino acid homology and bind, in a mutually exclusive fashion, to the cytoplasmic domain of E-cadherin (Jou et al, 1995) . β-Catenin competes with plakoglobin for binding to α-catenin which, in turn, is linked to the actin cytoskeleton (Knudsen et al, 1995) .
Recently it has become evident that there are cadherin-independent, as well as cadherin-bound, catenin pools and that these two pools may serve different functions (Hinck et al, 1994; Jou et al, 1995) . In colorectal cancer cell lines, elevated cytoplasmic levels of β-catenin are down-regulated by the product of the tumour suppressor gene APC, which has been shown to function in concert with glycogen synthase kinase-3β (GSK-3β) to regulate levels of uncomplexed β-catenin (Rubinfeld et al, 1996) . This regulatory mechanism is also known to be part of a signalling pathway for β-catenin which controls cell growth and proliferation in vertebrate embryos (Gumbiner, 1995) . Despite numerous studies documenting expression of the individual components of the cadherin-catenin cell adhesion complex in various tumour types, the role of the complex in tumourigenesis is still not fully understood. In colorectal cancer, the possible dual role of β-catenin in cell adhesion and in growth signalling events, and the relationship of these functions to patient outcome, remains to be clarified.
The aim of this study was to examine the expression of the components of the cadherin-catenin cell adhesion complex in colorectal cancer and attempt to correlate these findings with standard clinico-pathological parameters and patient survival.
MATERIALS AND METHODS

Tumour specimens
Tumour samples were obtained from 60 patients who underwent apparently curative resection of a primary colorectal carcinoma at the Royal Liverpool University Hospital between 1989 and 1994. The present series includes 44 patients whose colorectal tumours were previously examined for E-cadherin expression (Kinsella et al, 1993) . Only one patient in the series had familial adenomatous polyposis and no patient received chemotherapy or radiotherapy prior to undergoing resection of the primary tumour. Tumour specimens and samples of normal colonic epithelium were collected at the time of resection and were snap-frozen and stored in liquid nitrogen until required. Clinico-pathological information and survival data were obtained from the hospital records, from death certificates or by contact with the local family practitioner.
Immunohistochemistry
The avidin-biotin indirect immunoperoxidase method was used for immunohistochemical staining, as described previously (Andrews et al, 1997) . Briefly, frozen sections (6 µM) of tumour samples were cut and fixed in ice-cold acetone followed by treatment with 1.2% hydrogen peroxide in methanol for 10 min to block endogenous peroxidase activity. The sections were incubated with either anti-Ecadherin (HECD-1) monoclonal IgG (R & D Systems Europe, Abingdon, UK) diluted 1:200 in Tris-buffered saline pH 7.6 (TBS), or anti-β-catenin monoclonal IgG (Transduction Laboratories, Lexington, KY, USA) diluted 1:100 in TBS, or anti-α-catenin monoclonal IgG (Transduction Laboratories, Lexington, KY, USA) diluted 1:20 in TBS. The sections were then thoroughly washed with TBS followed by addition of a biotinylated anti-mouse IgG (Amersham Life Sciences, UK). After incubation with ABC reagent (Dako, UK) the signal was finally developed with diaminobenzidine containing 0.01% hydrogen peroxide. Normal colonic epithelium was used as an internal positive control; negative controls consisted of adjacent sections in which the primary antibody was replaced by either non-specific mouse IgG or TBS. 
Scoring
Sections were examined under light microscopy and the predominant pattern of immunostaining within each section was used to determine the final score. Tumours displaying well-localized membranous staining similar to that seen in normal colorectal mucosa were scored as (2+); those displaying reduced membranous immunoreactivity were scored as (1+); tumours with no immunolabelling were scored as (0). Tumours were additionally subdivided into either cytoplasmic (+c) or nuclear (+n) localization. Nuclear expression of tumour cells was arbitrarily scored as either widespread (> 75% of cells per section), focal (< 75% of cells per section) or absent (no nuclear staining). All tumours were re-assessed for differentiation status by a single pathologist independent of the original pathology report.
Statistical analysis
Kendall's Tau-b correlation was used to measure relationships between the expression of the components of the cadherin-catenin complex. The χ 2 test, or Fisher's exact test where appropriate, was used to compare antigen expression with standard clinico-pathological parameters. Overall patient survival rates were calculated by the Kaplan-Meier method and the log-rank test was used for differences between survival curves. A P-value of < 0.05 was accepted as statistically significant. Variables were subjected to univariate analysis and after confirmation that the log-log plots did not deviate from the proportional hazards assumption, significant variables were subjected to multivariate analysis using the Cox regression model. The SPSS for Windows statistical package (Version 6.1.2, 2nd May, 1995) was used for all statistical analyses.
RESULTS
Normal colorectal tissue
All normal mucosal specimens showed distinct, evenly distributed immunostaining for E-cadherin, α-catenin ( Figure 1A ) and β-catenin ( Figure 1B ) along the intercellular borders, but not at the cell surface facing the basement membrane. All three antigens displayed some basal cytoplasmic expression in colorectal cells located towards the luminal surface of the crypts. There was no detectable nuclear staining of either E-cadherin or the catenins in any section of normal colonic mucosa.
Tumour tissue
Only six (10%) tumours displayed normal membranous expression (2+) of all three components of the cadherin-catenin complex, while five (8%) tumours displayed reduced or absent expression (1+ or 0) of all components of the complex. Tables 1  and 2 provide a summary of the immunohistochemical findings. Loss of expression of E-cadherin was manifest as either discontinuous, weak immunolabelling at the intercellular borders or localized expression at the apicolateral cell junctions only. In some tumours faint cytoplasmic expression of E-cadherin was scattered throughout the cell. Overall, expression of α-catenin ( Figure 1A ) in tumours was less marked than either E-cadherin or β-catenin; in 25 (42%, 95% confidence interval (CI) 30-54) tumours there was complete absence of α-catenin expression. With regard to β-catenin, only 15 (25%, 95% CI 19-31) tumours displayed purely membranous expression, equivalent to that seen in normal colon; in the majority of tumours subcellular β-catenin staining was observed. Overall, there was good correlation between loss of membranous expression of β-catenin ( Figure 1C ) and widespread nuclear staining of β-catenin ( Figure 1D ) (Fisher's exact test, two-tailed, P = 0.04). However, this was not an absolute finding and within some sections tumour cells displayed both nuclear and strong membranous expression of β-catenin. There was no apparent statistical relationship between any form of β-catenin expression and either E-cadherin or α-catenin expression.
However, there was a statistically significant relationship between E-cadherin and α-catenin expression (Kendall's Tau-b, R = 0.25, P = 0.05), with tumours displaying loss of membranous E-cadherin expression often also displaying loss of α-catenin expression.
Relationship with clinico-pathological parameters
Poorly differentiated tumours displayed greater loss of α-catenin expression when compared with moderately or well-differentiated tumours (χ 2 2 = 9.4, P = 0.009). Although there was a trend towards greater loss of membranous E-cadherin or β-catenin expression in less well-differentiated tumours, these findings were not statistically significant (Table 3 ). Tumours with reduced or absent membranous expression of α-catenin or β-catenin were more likely to develop regional lymph node metastases, although these associations did not reach statistical significance (Table 4) . Furthermore, there was no apparent association between expression of the cadherin-catenin complex and patient gender or site of the primary tumour.
Survival analysis
The median survival of the patients in this series from the time of primary tumour resection was 1720 days, with a 5-year actuarial survival of 46%. One patient died of an acute myocardial infarction immediately post-operatively (1.6% 30-day mortality) and two other patients died of non-cancer-related causes during subsequent follow-up. However, all three patients were known to be disease-free at the time of death. Two other patients who were lost to follow-up at 5 and 7 months post-operatively were also diseasefree at the time of census.
As expected, both Dukes' staging and tumour grade were important prognostic factors. When subjected to univariate analysis, advanced Dukes' stage (log-rank test, χ 2 2 = 19.75, P = 0.0001) and tumour de-differentiation (log-rank test, χ 2 2 = 10.03, P = 0.007) correlated with short survival and death from metastatic colorectal cancer. In addition, loss of membranous expression of β-catenin (log-rank test, χ 2 1 = 4.52, P = 0.03), cytoplasmic expression of β-catenin (log-rank test, χ 2 1 = 3.81, P = 0.05), and widespread nuclear expression of β-catenin (logrank test, χ 2 1 = 9.74, P = 0.0018, Figure 2) were also statistically associated with short survival and death from metastatic colorectal cancer. In contrast, there was no apparent association between long-term survival and either sex of the patient, site of the primary tumour, expression of E-cadherin or expression of α-catenin.
However, when the relevant significant variables were subjected to multivariate analysis only Dukes' staging (P = 0.002), tumour grade (P = 0.02) and widespread nuclear expression of β-catenin (P = 0.002) were independent predictors of short survival. Patients with tumours displaying widespread nuclear staining of β-catenin (> 75% of tumour cells) had an overall 5-year survival of only 18% compared with 63% for patients whose tumours had focal or absent nuclear staining of β-catenin.
DISCUSSION
In the present study, α-catenin expression in colorectal tumours was reduced or lost more frequently than either E-cadherin or β-catenin, and this reduction in expression correlated significantly with deteriorating tumour grade. Similar findings have been reported previously in several other tumour types Takayama et al, 1994) . The mechanisms resulting in loss of α-catenin expression in tumours are not fully understood. However, homozygous deletion of the α-catenin gene, resulting in loss of α-catenin expression, has been demonstrated in cell lines from both lung and prostatic carcinomas (Shimoyama et al, 1992; Morton et al, 1993) . Furthermore, Yasui et al (1995) have reported complete deletion of the α-catenin gene in one of 10 gastric carcinomas examined. It has also been suggested that loss of α-catenin expression in tumours may relate to a post-transcriptional mechanism which is regulated by E-cadherin and which controls α-catenin protein expression (Nagafuchi et al, 1991) . Dependence on E-cadherin for transcriptional regulation, as well as dependence on β-catenin for binding and incorporation into the cadherin-catenin complex may provide an explanation for the relatively early and frequent loss of α-catenin expression seen in many tumours. Consequently, loss of α-catenin might be the most sensitive indicator of cadherin-catenin complex dysfunction.
In contrast to previous reports, the present study has, for the first time, documented the relationship between expression of all three components of the cadherin-catenin complex in colorectal tumours and long-term survival. Others have reported an apparent association between loss of E-cadherin expression in colorectal tumours and advanced tumour stage and decreased survival (Dorudi et al, 1995) ; however, a similar relationship was not found in either an earlier study (Kinsella et al, 1993) or in the present one.
Loss of membranous β-catenin expression has been documented in a variety of tumour types, including colorectal cancer (Hashizume et al, 1996; Takayama et al, 1996; Hao et al, 1997a; Hiscox and Jiang, 1997; Jawhari et al, 1997) . In our study, 40% of colorectal tumours displayed loss of membranous β-catenin expression and these changes correlated significantly with short survival of patients (P = 0.033); a similar association has been previously reported in gastric and oesophageal adenocarcinomas (Jawhari et al, 1997; Krishnadath et al, 1997) .
Nuclear expression of β-catenin in familial and sporadic colorectal tumours has recently been reported (Inomata et al, 1996; Takayama et al, 1996; Hao et al, 1997b; Valizadeh et al, 1997) . Prior to this, subcellular localization of β-catenin was identified in mesodermal cells of vertebrate embryos during specific growth signalling events (Miller and Moon, 1996) . Subsequently, Valizadeh and co-workers clearly demonstrated that early dysplastic colonic polyps, but not inflammatory or hyperplastic polyps, may display both cytoplasmic and nuclear localization of β-catenin (Valizadeh et al, 1997) , suggesting that these changes are specific and early events in the development of colorectal cancer. The present study has extended these observations and demonstrates that up to 75% of sporadic colorectal cancers may display either cytoplasmic expression or nuclear localization of β-catenin. Furthermore, varying degrees of β-catenin nuclear expression are often found, with some tumours displaying focal staining only while others demonstrate more widespread staining.
Recent experimental and clinical evidence has demonstrated that cytoplasmic over-expression and nuclear translocation of β-catenin in colorectal tumour cells is usually a result of mutations in either the APC or β-catenin genes Rubinfeld et al, 1997; Iwao et al, 1998) . Furthermore, unregulated subcellular β-catenin protein has been shown to activate gene expression by complex formation with a family of nuclear transcription factors (Behrens et al, 1996; Molenaar et al, 1996; Korinek et al, 1997) . The finding of an association between widespread nuclear expression of β-catenin in tumour cells and short survival in patients with colorectal cancer (Figure 2) has not been reported previously. Unfortunately, in our study clinical information regarding sites of first recurrence of colorectal cancer was not available in all patients and therefore we cannot comment on whether widespread nuclear expression of β-catenin is more likely to be associated with either local, haematogenous or lymphatic metastases.
Failure to demonstrate loss of membranous expression of β-catenin as an independent predictor of survival conflicts with the findings of a recent study of patients with gastric cancer (Jawhari et al, 1997) . Although the reasons for these differences are unclear, it is interesting to note from work done in our own laboratory (unpublished data) and by others (Jawhari et al, 1997) , that nuclear expression of β-catenin is uncommon in gastric cancer compared with colorectal cancer, possibly because of less frequent APC mutations in gastric tumours.
In the present series of colorectal tumours, good correlation between loss of membranous β-catenin expression and widespread nuclear localization of β-catenin (P = 0.04) was demonstrated. Similar reciprocity between membranous and nuclear staining of β-catenin has been demonstrated in colorectal adenomas and carcinomas recently (Hao et al, 1997b) . However, in our study this relationship was not absolute and some tumours contained cells displaying both nuclear and strong membranous expression of β-catenin. Although there is evidence that the cadherin-binding and signalling activities of β-catenin may reside in separate regions of the protein (Gumbiner, 1995) , the exact relationship between cadherin-bound β-catenin mediating cell adhesion and non-cadherin-bound β-catenin functioning as part of a growth signalling pathway remains unclear. It is possible the final tumour phenotype in colorectal cancer may depend on the relative functional activity of each of these regions.
In conclusion, this study demonstrates that loss of membranous expression of E-cadherin or β-catenin in colorectal tumours may not add prognostic information to standard clinico-pathological parameters. While α-catenin expression in colorectal cancers may reflect tumour differentiation status, our results suggest that it does not predict long-term patient outcome. In contrast, widespread nuclear expression of β-catenin in colorectal tumours, which possibly reflects unregulated growth signalling events, may distinguish tumours which behave aggressively. This preliminary report of a relationship between widespread nuclear expression of β-catenin and short survival in colorectal cancer needs to be confirmed in larger studies. It will be necessary to clarify the exact relationship between cell adhesion and cell signalling pools of β-catenin in colorectal cancer in order to understand the mechanisms underlying this finding.
